The purpose of this study is to advance our current understanding of soil moisture storage in subsurface and water infiltration rate in loess soil. Therefore, a set of experiments was conducted on two soil columns filled with silty clay loam, with and without applying cavity technical method. For the soil column applied with loess cavity, the ponding infiltration was simulated using HYDRUS-2D/3D, version 2.x and the simulated results were verified by those of observation. The results show that 1) the loess cavity significantly decreased the infiltration rates when the flux permeated through it (varying from 0.358 to 0.208 cm⋅min −1 ) as compared with no cavity soil column (varying from 0.408 to 0.241 cm⋅min −1 ); 2) similarly, the total cumulative infiltration and at the termination of wetting front advancement of soil column with cavity were 66 cm and 69 cm lower than that of no cavity soil column (76 and 78 cm), respectively. Consequently, the soil moisture at the subsurface and surrounding the loess cavity was effectively ameliorated; 3) the model was capable of predicting water infiltration processes in the soil column with loess cavity, and the root mean square error of simulated water contents, wetting front advancements, cumulative infiltrations, and infiltration rates were from 0.22 to 3.63 cm , respectively. Overall, the findings in this study indicate that loess cavity can effectively increase soil moisture storage at shallow surface and the HYDRUS-2D/3D model is capable of simulating and predicting scenarios to help achieve stable shallow soil surface with loess cavity.
Introduction
The north-west Loess Plateau of China lies in arid and semi-arid regions. This region is characterized with thick loess deposits ranging from about 30 to 100 m or even 200 m [1] . The loess is mainly composed of fine-grained and yellow silty sediment, deposited by wind from north-west Gobi Desert over a long period of time [2] . Therefore, loess soil is vulnerably prone to water, wind, and water-wind erosion, and over 60% of the Loess Plateau has been subjected to soil loss with about 2000 to 2500 t⋅km −2 of annual average soil loss [3] . The long agricultural history in ancient time [4] and the recent urbanization with great demand on daily usage and agricultural irrigation have jointly caused serious land degradation and water scarcity on the Loess Plateau [5] . As a result, water stress gradually becomes the most limited factor for rain-fed agriculture in this region, calling for better irrigation management to preserve water resources by producing more food with less water [6] . In this last decade, the effectiveness of vegetation restoration efforts in the Loess Plateau have been demonstrated by most of previous studies [7] [8] [9] . The water conservation efforts, involving in afforestation and/or vegetation restoration, terracing, increasing soil surface roughness to reduce the sediment yield from the hill slopes and delivery to rivers, and land degradation gradually decreased [10] [11] . However, these conservation efforts have been questioned for their negative consequences of excessive reduction of water resources (e.g., [12] [13] [14] ).
Loess cavity, was firstly introduced by Dang, Li [15] and Yan, Dang [16] . This technical method, originally known as Cavity-Making Technology, was initially applied in farmland at Yangling, Northwest A&F university for improving the soil moisture in subsurface. Based on the strong characteristics of the vertical structure of loess soil, the method of macro blasting and the drilling hole were applied to enlarge the bottom for creating a cavity with a single chamber diameter of about 40 cm and in the depth of 90 -120 cm below soil surface. The upper soil of the cavity is loosened, which enhances the permeability of the upper layer, absorbs more precipitation into the soil, and reduces the runoff loss of the rainfall. The soil at the bottom of the cavity is compacted to form a relatively separate water storage layer, which can prevent deep seepage from precipitation and prevent evaporation of lower ground water pipes from rising, so as to achieve the purpose of seepage reduction, evaporation, and water storage. However, in the present study, the cavity created by explosion was replaced by a wire half-sphere basket of 22-cm diameter buried at the depth of 30 cm below the soil surface.
Loess cavity can be one of the efficient techniques to increase infiltration, reduce evaporation, and help alleviate water shortage in northwest Loess area of China. [17] . There have been a couple of studies to apply cavity technique to investigate soil water interactions in porous mediums of arid-agriculture fields [15] [16] [18] [19] . They generally highlighted the effectiveness of this technique to preserve soil water in shallow layer, elevate soil water storage capacity and improve soil moisture in a dry season [15] [19] . However, field investigations will become Journal of Water Resource and Protection very labor-and resource-costly if attempting to assess the long-term impacts of such loess cavity to local soil water utilization and recycling.
During the past several decades, there have been a large number of simulation models developed to evaluate water movement at the least cost [20] - [26] . In general, the most of the currently available modes are pressure-based with saturated flow equations [27] [28] [29] . Though, the pressure-base form models are more restrictive and closely related [30] . Amongst the most frequently known, the Richards' equation, which described the hydrodynamics of soil water movement [31] , occupies a significant role in modern theoretical. even build mathematical models [36] - [41] . Furthermore, HYDRUS-2D/3D model can also be used to trace water and solute movement and wetting fronts (WFs)
in both homogenous and heterogeneous soils [42] . Overall, previous studies have proved the efficiency of HYDRUS-2D/3D model to simulate water infiltration and wetting front advancement at the field scale correctly [43] . However, no
study has yet applied statistic model such as HYDRUS-2D/3D model to investigate the efficiency of loess cavity on improving the water soil porous media in the semi-arid Loess Plateau.
Therefore, the objectives of this study are 1) to capture patterns of soil water movement in two soil columns, and examine the influences of loess cavity in simulated soil column on infiltration process; 2) to evaluate soil water infiltration rate, water content and wetting front advancement based on the HYDRUS 2D/3D model in consideration of the ponding infiltration conditions. The remainder of this paper is organized as follows. Section 2 details the study materials and methods. Section 3 presents the main results of the experiments. Section 4 is about the interpretation and discussion of the results. Finally, Section 5 concludes the paper.
Materials and Methods

Experimental Design
First, confirm that you have the correct template for your paper size. This template has been tailored for output on the custom paper size (21 cm × 28.5 cm).
In order to study the soil water movement with loess cavity in soil column, the experiment was conducted using a cavity-making technique at the college of architectural hydrology and water resources engineering, Northwest A&F University, China. Two Plexiglas semi-circle containers of a height of 150 cm and 50 cm in diameter were used as the soil columns. To be a convenience for observing the wetting front advancements, the two plate sides of containers were gridded on lines in vertical and lateral direction (1 cm for each grid space). Soil sample, taken from Yangling, Shaanxi province, was silty clay loam soil. It was sieved through the filter of 4 mm in diameter, and filled into both soil columns. These soil columns were packed with three-layered soil at the thickness of 68, 24, and 28 cm for bottom, middle, and upper layer, respectively, and the quartz layers of 3 cm in thickness were laid on the upper surface in protecting soil erosion and texture damaged by applied water (Figure 1 At the beginning of experiment, water pumping was not used but 42 L of water was simultaneously poured into both soil columns because of the consideration of the flash flood happening in the Loess Plateau. Preferential flows of both container side walls were barred by sealing them. Then, the variation of volumetric water content in each soil layer was measured using TDR every one hour;
and the measurement of water front advancements was done every two hours.
This process terminated when the advancement wetting front of both soil columns gradually decreased and nearly approached the stable phase in most part of the last layer. This experimental study was conducted during 840 min. During the experiment, the outside temperature was about 8˚C, consequently, the relevant evaporation of the current study was so small to take into account. Therefore, the effect of evaporation to the study results was neglected.
HYDRUS 2D/3D Modeling
The ponded infiltration was simulated using two-dimensional domain of HYDRUS-2D/3D software package [44] . This package is widely utilized for simulating 2D/3D domain of water, solutes, and heat movement in variably saturation porous media with a multiple option of initial and boundary conditions and heterogeneous soil [45] . The governing flow equation described by the modified Richards equation in the HYDRUS 2D/3D code is applied for determining the water movement of axi-symmetrical isothermal Darcy flux in a variably saturated rigid isotropic porous media [46] [47]: ] by Equation (3), x and z are the lateral and vertical coordinate axis (z is positive downwards), respectively, and t is time [h] . Note that Equation (1) is not include the root water uptake, since the process is approximately neglected at the time scale of this current study. And the porous medium is assumed to be isotropic.
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The Van Genuchten [48] modeling the soil water retention is described as: ], respectively, α is empirical coefficient [cm
inversely related to the air-entry value (low for silty or clay texture and high for coarse soil), and n and m are constant empirical coefficients affecting the reten-
. And m is determined by
The hydraulic conductivity utilized the closed form equation of Van Genuchten [48] , using the statistical pore-size index of Mualem [49] to combine with Equation (2), is implemented in HYDRUS-2D/3D as follows:
where s K is the saturated hydraulic conductivity [cm cording to the analysis of a diversity of soils [50] .
Simulations considering a 100 × 100 cm profile, where a loess cavity having a diameter equal to 22 cm was put at 29 cm below the soil surface, was defined as a 2D transport domain. Galerkin finite element methods (FEM) is utilized by HYDRUS-2D/3D to solve Richards' equation [51] . The transport domain was discretized using and unstructured triangular FEM. The running model needs the soil hydraulic parameters, s θ , r θ , s K , n, α , l and the initial soil water content as well.
Spatial Discretization and Numerical Flow Domain
The two-dimensional transport domain (100 × 100 cm) considered for simulating water flow in soil loess column with applying cavity was vertical plan ( Figure  3 ). The MESHGEN module of HYDRUS 2D/3D model was applied to generated the finite element mesh [46] . The non-uniformed FEM of smaller sizes were generated nearby the soil surface and gradually increasing with distance from the soil surface and where infiltration changes in the soil water content and corresponding pressure heads were most rapid. The finite element sizes were larger along the left and right boundaries, and the bottom boundary of the flow domain. The simulated domain with cavity was discretized into 3522 finite element nodes, 259 1D elements (Discretization of boundary and internal curves), and 6785 2D triangular finite elements with triangles considerably smaller around the cavity and then smoothly beginning larger and larger with distance from the cavity. The circle of the cavity was represented with 28 nodes. The observation nodes were designed into 4 vertical intersections, i.e., 21 Each cross line represented the observed probe which corresponded to the measured locations of soil contents ( Figure 2 ).
Defining Boundary Conditions
The distributions of initial volumetric water content (θ r ) was assigned according to the results of interpolated water contents measured at every observation node probes of soil columns before starting the infiltration process. Since there was no probe measured water content at the surface and bottom of soil column with loess cavity, the measured values were extended to the top and bottom of the model domain, respectively. Figure 3 shows all details of the transport domain, in which the cavity loess are located. The soil profile was considered to be heterogeneous and differentiated depend on the measured soil bulk densities. The evaporation from bare soil and precipitation were neglected. The cavity was represented as a circle of 11 cm radius, located at 30 cm beneath the variable flux 1 BC, assigned a seepage face BC. In this study, the water table was not considered, then there was no effect on the flow in the interest transport domain. Consequently, the bottom of the flow domain (CD) was subjected to a no-flux boundary condition since water infiltration is not reached the bottom for this experiment.
Input Requirements and Validation of the Model
Soil samples of two different soil columns were collected from three-layer soil along the vertical axis beneath the soil surface to 100-cm depth to determine soil Journal of Water Resource and Protection physical properties. They were collected using the metallic rings and measured the dry soil bulk density. The sedimentation method (pipette and hydrometer) was used to measure soil particle size. Finally, to compare the goodness of simulated results of HYDRUS-2D/3D to the measured results by sensor probes, three criteria indices, i.e., the root mean square error (RMSE) and the normalized root mean square error (NRMSE) [53] and the Nash-Sutcliffe model efficiency coefficient (EF) [54] , were used to reflect the efficiency of simulation. These indices were calculated according to Equations (4)- (6):
where i P is the simulated value; i O is the observed values, O is the average of observed value, and n is the number of observations. These criteria indices were calculated on the unsorted data, the observed/predicted values were being directly compared. The RMSE should be noticeably as close as possible to zero [55] . Figures 4(a)-(g) showed the comparison of the wetting front advancements of soil columns with and without loess cavity during 14 hours of infiltration process. Due to the WFs drawn every two hours for both soil columns, thus, (Figures 4(a)-(g) ). Noticeably, the WF of soil column without cavity started to move slower when it lasted for 10 hours and slightly changed until the end of experiment (Figures 4(e)-(f) ). Whereas, 
Results
Analysis of Experimental Results
Soil Water Movement and Changes in Soil Storage
Spatial and Temporal Variations of Water Content in Vertical Transects
The comparisons of water contents (WCs) with and without applying loess cavity in soil columns, of which the study was conducted during 14 hours shown in The multiple curves denote the outputs at different times. Due to the installed probes in the symmetric phase, the probes in vertical 21-cm and 37-cm transects were chose for analysis section. As can be observed, the water contents of both soil columns were hastily increased in the first hour of experiment phase and dropped down gradually after they reached the maximum value of 34% and 28%
for the soil columns with and without loess cavity, respectively ( Figure 6 ). Based on the presented curves, the WCs of applying loess cavity soil column in the upper layer (Layer I) and the middle layer (Layer II) (i.e. the observation probes at 28 cm and 30 cm cross section) was higher than those without applying loess cavity ( Figure 6 (a) & Figure 6 (b)) and remains these states until the termination of experimental process. However, the WCs at the deep layer of without cavity soil column was initially rising remarkably for 4 hours after the starting the experiment, while those of cavity soil column was just increasing at one hour later ( Figure 6(d) ). Interestingly, it was found that the water distribution of without cavity column reached the deep layer (i.e. 78-cm depth) at 10 hours of experiment ( Figure 6(e) ). In contrast, remarkably, the WCs of cavity soil column in the horizontal 78-cm intersect did not change, even at the termination of experiment ( Figure 6(e) ). However, WCs of soil column without cavity was slightly higher than those with cavity and they had the similar trend.
Comparisons of Model Simulation
The single-porosity model of van Genuchten-Mualem was chose to determined soil hydraulic parameters by using HYDRUS-2D/3D Rosite for soil water retention and conductivity curves (Table 1) . Noticeably, the saturated zone of ponded infiltration is not fully filled with water due to the entrapped air [56] . Figure 9 shows the observed and simulated water contents (WCs) for different depths, obtained by HYDRUS-2D/3D, for probes in vertical transect 2 closed to the cavity in the function of time as well as the associated scatter plots. The comparison between measured and simulated values of WCs with the determination coefficient (R2) in Figure 9 also showed that HYDRUS-2D/3D simulated WCs matched the corresponding observed results reasonably well for shallow surface layer which indicated a similar trend during the water infiltration process (i.e., in the depth of 30 cm). It can be found that the HYDRUS model has described the WCs adequately for the upper and middle layer which had a good determination Table 2 .
As the evident in Table 2 , the criteria indices were 0.026 for RMSE, 16.24 for NRMSE, and 0.9 for EF. Figure 10 Table 2 , the values of RMSE, EF, and NRMSE of simulated WF at 2 hours were 6.94, −16.24, and 15.61, respectively, which mean that the model simulation was overestimated the WF at the commencement of the infiltration process. Whereas, the simulated water fronts after 2 hours of infiltration process were capable to measured results. The RMSE values ranged from 2.62 to 1.6, while the NRMSE ranged from 3.76% to 4.73%, and EF values ranged from 0.06 to 0.64. However, in general, the simulated and measured WFs are fitting well together.
The HYDRUS-2D/3D model was used to investigate the water distribution in soil column with loess cavity for comparing to the experimental results. Figure   12 shows the spatial distributions of water contents in every two hours. As the evident of Table 2 , the root mean square errors (RMSE) correspond to 6.94, 
Discussion
The Efficiency of Loess Cavity on Mitigating Soil Water Movement
Soil water distribution is an important key factor for hydrologic cycle in subsurface root water uptake. Especially, in Chinese Loess Plateau where is challenging a serious problems of soil erosion for many years long. The current study of water distribution in loess soil column with applying cavity loess by comparing the loess cavity efficiency to improve soil moisture in sublayer soil to the soil column without loess cavity shows that the WCs in subsurface of soil column with cavity was noticeably higher than those without cavity in Figure 4 As observed in Figure 4 (c) & Figure 4 (e), WCs in soil column with cavity at deeper layer (i.e. 46-, 62-, and 78-cm depth) were more less than those without cavity when the water movement permeated through the loess cavity. As the consequences of loess cavity, the water infiltrative rate in soil column with cavity was also gradually reduced after the water infiltrated through the loess cavity in Figure 8 . Those results greatly agree with the previous studies which found that the cavity-making technique improved water storage at the root water uptake layer of crops and reduced deep water infiltration [19] . The current study shows that the loess cavity modified the soil structure by strengthening the capillary action of soil layer above the loess cavity and surrounding. It was deemed the loess cavity was reducing the gravity force and disturbed the infiltration process when Journal of Water Resource and Protection water was moving across. Within these, the soil moisture in subsurface of soil column with cavity was ameliorated.
HYDRUS 2D/3D Performance in Applying Loess Cavity on Soil Column
To be better make economic benefits and save time of doing experiment, the HYDRUS model was applied in this current study. HYDRUS-2D/3D was utilized for comparing the experimental results to its simulations. A three-layer soil domain with different soil hydraulic parameters was defined in the model. The agreement between measured and simulated WCs in soil column with loess cavity scenario was quantitatively evaluated using the RMSE, EF, and NRMSE criteria indices ( Table 2 ). As shown in Figure 9 (c) & Figure 9 (d), the WCs at deep layer seems to be slightly underestimated by the HYDRUS model. These discrepancies can be somewhat explained by the representation of the heterogeneous soil in the HYDRUS model. While soil hydraulic parameters and soil texture typically vary gradually in the soil profile [57] . In general, the measured results were known to be effected by the heterogeneity [58] . On account of the statistical coefficients (RMSE = 0.5 -1.9 for first two layers, and RMSE = 0.6 -2 for the bottom layer), despite a slight overestimation, the simulated results agreed well with the measured values for the first 2 layers and fairly agreed for the deep layer. This agreed with the previous study of the spatial and temporal prediction of soil moisture dynamic which found that the HYDRUS model is more capable of simulating the rapid variation of the surface soil moisture dynamics than the slower deeper-profile variations [59] . However, the mean EF for the WCs comparison was 0.73, which indicates that the efficiency of the model simulation was good [60] .
In our current study, it can be found that the simulation of water fronts from four hours of commencement of infiltration process was better modelled than the two hours' water front ( Figure 11 ). It is very interesting to note that the HYDRUS-2D/3D model slightly overestimates the depth of advancing wetting front ( Figure 11 ). As shown in Figure 9 , the simulated water storage at the first two hours of was more less than those of measured values. Based on the law of conservation of mass, under the equivalent condition of the cumulative infiltration, the larger water holding capacity that the soil layer has, the smaller advancing depth that the WF can permeate [61] . Consequently, the depth of advancing wetting front simulated by HYDRUS-2D/3D moved faster at first two hours.
As observed in the result sections, the disparity between observed and simulated results is likely triggered by two groups: 1) the property of some materials was not considered in the simulations because of absent observation data. For example, the anisotropy of the hydraulic conductivity and the hysteresis of the soil hydrological functions of used materials were not evaluated; 2) the definition of boundary condition in HYDRUS model was not well fitted with the ex-Journal of Water Resource and Protection perimental design, since two-dimensional simulations are insufficient to solve such condition because they suppose constant conditions in the third dimension.
The soil column with cavity as distinct three-dimensional individuals demand three-dimensional apparent illustration.
Conclusions
The paper aims to advance our current understandings of soil moisture storage in subsurface and water infiltration rate in loess soil. A conducted infiltration experiment in two three-layered soil columns presents the efficiency of cavity technique on ameliorating the soil moisture at the shallow surface and to investigate the validity of the proposed model. The experimental data show that the loess cavity had affected on soil water dynamic by decreasing the infiltration rate when the flux was going across the loess cavity. In addition, it also affected the WFs since it made the water permeated into the soil surface steadily that made to improve the soil moisture at the shallow soil layer. The fitting of experimental data indicated that the measured infiltration rate, water content, and waterfront were all well described by power-law functions of the infiltration time.
The model results showed that the simulated infiltration rate, water content, and water fronts were in good agreement with corresponding measured values, indicating that the model represented good accurately with experimental results.
However, a few discrepancies were found in the model's performance, and we identified two potential causes that contributed to these discrepancies. First, the boundary condition of loess cavity defined as seepage condition is somewhat made much water infiltrated into it and likely made HYDRUS-2D/3D underestimate this condition. Second, the neglecting of preferential flow may be expected when assuming constant soil hydraulic parameters through the simulation process while dynamic changes in hydraulic properties may have occurred as a result of wetting and drying cycles. Third, 2D domain of HYDRUS model seems to be not every well fitted with the real infiltration domain, since the cavity using in the infiltration experiment was a half-sphere basket and HYDRUS model defined the loess cavity as an empty circle.
This study has, however, certain limitations, as it is in the early first stage of the development of loess cavity method. The experiment of this study was just conducted on the loess soil profile scale. A range of flow types was ignored during the procedure. Furthermore, the evaporation was neglected, because this study was taking in winter. Following the above discussion section, further research of improvement of loess cavity method should be focused on: 1) the size and number of loess cavity applying on soil column which absolutely affected on the soil water dynamic; 2) applying this method on the field study; 3) conducting the experiment in different soil types and land use; 4) applying in different irrigation method like drip irrigation, sprinkler etc. Therefore, more experiments are recommended to be better understanding the efficiency of loess cavity method under different initial conditions. And the 3D domain of HYDRUS model
